IT is the purpose of this communication to review aspects of insulin's action on skeletal muscle and adipose tissue in vivo, from which arise some ideas concerning the day to day role of insulin in intact man. The experimental tool employed was the forearm of man. Subjects were studied during the morning hours after a 12 to 14 hour fast. Catheters were placed in the brachial artery (A) and in draining ipsilateral forearm deep (DV) and superficial (SV) veins. Forearm blood flow was measured by indicator dilution techniques based on the continuous infusion of Evans blue dye. Samples were taken at regular intervals from each of the catheters, and the concentration of selected metabolites was measured. A-DV concentration differences reflect, in the main, the metabolism of forearm muscle, but also undoubtedly of the adipose tissue that mingles with muscle; A-SV differences reflect chiefly the metabolism of subcutaneous adipose tissue.
The technique lends itself nicely to the examination of local effects of hormones. The hormone, insulin in the present experiments, is added to the solution containing the blue dye, and infused at constant rate into the brachial artery to produce the desired local concentration of hormone in the arm. The total amount of hormone is so small, however, that its arrival in the general circulation stimulates no measurable contra-response. Thus one observes as far as possible only the effects of the hormone on forearm tissues. * In the present study, the rates of infusion of insulin were so chosen that they resembled concentrations circulating in man during the day. The development by Yalow and Berson (1960) of a specilfic immunoassay for insulin has made possible studies of the normal fluctuations in plasma insulin. These workers have reported that in the postabsorptive period, 12 to 14 hours post cibum, plasma insulin levels are between 10 and 30 ,uU per ml. Fifteen to 30 minutes after a glucose meal plasma insulin levels have risen steeply to values between 100 and 150 uU per ml., after which there is a gradual return to basal concentration over a 4 to 6 hour period. In the light of these findings, experiments were performed with differing dose schedules of insulin so as to simulate local conditions in the arm (a) in the immediate postprandial period and (b) in the remote postabsorptive period. Effects of the postprandial insulin package Insulin was infused into the arms of 15 normal subjects at a rate of 100 ujU/kg./min. for 26 minutes Rabinowitz and Zierler, 1962) . This achieves a concentration of insulin of about 300 ,U per ml. brachial arterial plasma, or roughly twice the peak endogenous concentration in plasma in the immediate postprandial period. The metabolic responses observed are summarized in Fig. 1 combusted, since the respiratory quotient during glucose oxidation is unity. Thus, although insulin facilitated the translocation of glucose into muscle and adipose tissue, there was no evidence that the glucose taken up was being used as fuel. The excess glucose then was stored, presumably as glycogen. Effects of the postabsorptive insulin package In an attempt to learn more about the role of insulin during food-free intervals, insulin was infused into nine normal subjects at a rate of 10 ,uU/kg./min. for either 26 or 35 minutes (Zierler and Rabinowitz, 1963) . This raised local arterial concentration by about 30 1uU per ml. o'r only two or three times the concentration circulating in the basal state. Fig. 2 shows a typical response in one subject. At this concentration insulin did not enhance glucose translocation into muscle or adipose tissue. However, insulin did produce potassium movement into both tissues and inhibited FFA release from adipose tissue. In other words, at concentrations of insulin similar to those circulating in the basal state, effects of the hormone on K and FFA are segregated from effects on glucose. The dose response curves of insulin's action on glucose, K and FFA are not superimposable but are similar with respect to both muscle and adipose tissue. Figure 3 illustrates the curves constructed from effects of insulin, 1, 10 and 100 uU/kg./min., on A-SV differences in man. The curves shown hold equally well both for muscle and for adipose tissue.
It is stressed that differences in insulin responsiveness do not appear to lie in the responding tissue: they reside in the mechanism by which glucose is translocated into peripheral cells compared to the mechanisms whereby K movement is enhanced and FFA release in inhibited.
There are several interesting implications in these differences in sensitivity of different metabolic processes to insulin. Firstly it appears that insulin may serve a somewhat different function in man during postprandial and postabsorptive periods. Immediately after a meal when plasma insulin concentrations are maximal, insulin oversees a period of storage; storage of K in muscle and in adipose tissue, storage of glucose, as glycogen in muscle, and as triglyceride in adipose tissue. Repletion of adipose tissue depots is further aided by blockade of FFA escape from the fat cell.
During the postabsorptive period, on the other hand, plasma insulin levels are set at a concentration w-hich is impotent in promoting peripheral glucose uptake. As we shall see presently, skeletal muscle, an insulin-sensitive cell, appears to rely heavily on lipid combustion in the basal state. The nerve cell, which is not insulin-sensitive, utilizes chiefly glucose to which it is freely permeable. If glucose were diverted by insulin into peripheral muscle and adipose tissue during food-free intervals, its availability to the nervous system might be compromised. Since in fact basal plasma insulin levels are too low to promote peripheral glucose uptake, glucose uptake by total skeletal muscle is quantitatively small, and nervous tissues abstract about 80% of basal hepatic glucose output. The small concentration of insulin present in the basal state is sufficient, however, to retard escape of FFA from adipose tissue. Skeletal muscle burns fat in the form of FFA, a subject which will be discussed in more detail later. The source of plasma FFA is the adipose tissue cell. Mobilization of FFA from adipose tissue is under endocrine control, being encouraged during food-free intervals by several hormones including human growth hormone. Plasma insulin is the only hormone, among those so studied, whose action retards release of FFA. Presumably, then, the function of insulin in the basal state is to "tone-down" the release of FFA, thereby preventing its excessive accumulation in plasma, which might have several undesiralble consequences, for example, excessive ketone formation and acidosis.
As far as potassium is concerned, it appears that in the basal state insulin serves to reduce escape of K from its chief intracellular source, skeletal muscle, an action which is quite independent of its action on glucose.
In summary then, insulin functions in man both during feasting and during fasting, promoting carbon and K storage during periods of "feast", and reducing K and FFA escape from muscle and adipose tissue during "fast".
Some applications of the action of insulin
The use of insulin 'has proved to be a potent tool permitting the role of FFA as substrate for skeletal muscle in situ to be quantified. Several years ago Andres, Cader and Zierler (1956) examined A-DV differences of glucose across the forearm of man during the basal state. Uptake of glucose by the arm was exceedingly small: only 2 to 3%/. of arterial glucose was abstracted by the arm, an amount which, even if completely oxidized, was sufficient to account for no more than 20% of forearm oxygen consumption.
This calculation is arrived at as follows:
1. Mean basal A-DV glucose across the arm = 0.14 p,M/ml. 2. Mean basal DV-A lactate = 0.12 ,uM/ml.
That is, lactate escapes from forearm skeletal muscle into venous plasma, even under resting basal conditions. 3. Since 1 mole of glucose yields 2 moles of lactate, the observed lactate leak accounts for an A-V glucose of 0.12/2 j,M/ml.
4. Mean basal A-DV glucose available for oxidation = [0.14-0.12/2] = 0.08 ,uM/ml. (Glick, Roth, Yalow and Berson, 1963) .
W-hat is the major fuel of intact muscle in the basal state?
Several clues have suggested that the missing substrate is lipid in nature. The RQ of forearm muscle is 0.7, which suggests the oxidation of long-ohain fatty acids. Dole (1956) and Gordon and Cherkes (1956) first drew attention to a small fraction of total plasma lipid which circulates as free or unesterified fatty acid, which turns over with extraordinary rapidity and, therefore, may be the most likely candidate as an im'portant fuel for intact skeletal muscle.
Despite extensive observations, this laboratory has been unable to show that A-DV FFA differences are consistently positive . The mean A-DV FFA difference among a large series of subjects was not distinguishable from zero. It was suggested that anatomical reasons may have been responsible for failure to find FFA uptake by muscle (Fig. 4) . The deep vein we catheterize drains not only muscle but also that adipose tissue contiguous to muscle. There is undoubtedly some admixture from superficial forearm territory, including adipose tissue. It is possible, therefore, that skeletal muscle does in fact take up FFA, but addition of FFA from adipose tissue to deep venous blood obscures the A-V difference (Fig. 4) . (Baltzan and others, 1962) .
We can test this hypothesis and unmask FFA uptake by muscle by 'administering an agent which (1) inVhibits FFA release from adipose tissue but (2) that insulin, 100 ,tU/kg./min. does inhibit FFA release from forearm adipose tissue (Fig. 1) .
The following study suggests that the second desideratum is also met: Bierman, Schwartz and Dole (1957) , studying effects of palmitic acid-i-C'4 infusion into the dog, observed that the administration of insulin did not change the rate of decline of plasma radio-activity and caused plasma specific 'activity to rise. These two observations indicated that insulin had cut down FFA output but had not influenced the peripheral disposal of FFA. We are probably justified then in using insulin to unmask FFA uptake by muscle. In nine subjects on whom data are available, insulin, 100 ,uU/kg./min., unmasked a mean maximal A-DV FFA of 0.11 ,uM/,ml. This figure can be used to calculate the percentage of forearm oxygen uptake whioh can be accounted for by FFA oxidation (FFA/02 
Summary
The role of insulin in man in the postprandial and the post-absorptive periods is discussed. In the first hour or two after a meal, plasma insulin is high enough (a) to promote translocation of glucose and potassium into muscle and fat and (b) to inhibit FFA release from adipose tissue. In the remote postabsorptive period, plasma insulin is too low to promote glucose movement but is still high enough to influence K and FFA movement. Insulin unmasks sufficient FFA uptake by skeletal muscle to account for at least half its oxygen consumption.
